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MCVD utilises a similar vapour-phase reaction of silica precursors to that of OVD, but 
the optically transparent glass layers are deposited in a single step on the inside of a 
cylindrical glass tube. Although the OVD process supplied the increased demand for 
optical fibre at the time, it is MCVD that is most widely used for preform manufacture 
today.  
 
Whilst MCVD technology was still  in  its  infancy,  an alternative  fibre structure that 
featured micron-scale air holes running along its length was being explored, again for 
the purpose of optical data transmission [6]. These early microstructured optical fibres 
consisted of a solid silica core supported by two or more thin membranes. Unlike the 
germanium-doped  fibres  produced  by  Corning  Glass  Works,  microstructured  fibres 
were fabricated from a single-material (silica) and were also capable of attaining low-
loss  levels  similar  to  those  achieved  by  OVD.  The  promising,  yet  challenging, 
fabrication route of microstructured optical fibres was soon overshadowed by the low-
loss fibres that were possible using the MCVD process, and the relative ease in which 
the technique could be implemented.  
 
However, in 1996 there was a resurgence in the field of microstructured fibres, largely 
pioneered by Philip Russell and the advent of the stack-and-draw technique [7]. The 
emphasis  had  shifted  to the  tantalising  optical  guidance  properties  that  these  exotic 
fibres could offer, which were difficult to achieve with any other types of fibre. Modern 
microstructured fibres now comprise of an intricate array of holes, with their size and 
placement creating unprecedented transmission characteristics, such as the well-known 
‘endlessly single-mode’ fibre [8].  
 
Alongside the mainstream development of low-loss fibres for optical communications, 
there have  been countless other  fabrication techniques that allow optical  fibres with 
unconventional  structures  and  glass  compositions  to  be  realised  for  a  range  of 
applications [9]. Many of these speciality fibres rely on existing technology to create the 
glass preform, notably MCVD, but adopt a fabrication route which involves assembling 
the fibre-preform, rather than depositing the glass. The main constituent is normally Chapter 1                                                      Introduction 
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drawing  technologies.  Applications  in  ytterbium  (Yb)-doped  high-power  fibre  lasers 
and optical fibre sensing were targeted, which are of current interest in both academia 
and industry. The objectives were to conceive and refine novel fabrication techniques, 
as well as exemplify their potential by demonstrating speciality optical fibres designs 
that can not easily be obtained using existing methods. Underpinning the research was 
the intention to develop straightforward approaches, rather than elaborate and complex 
solutions, which would be more widely accessible and have a greater impact for optical 
fibre fabrication outside the research environment.  
 
This PhD was studied on a part-time basis, and was undertaken alongside employment 
at the Optoelectronics Research Centre (ORC). The author is currently a member of the 
Silica  Fibre  Fabrication  group,  supporting  the  development  of  preform  and  fibre 
processes in the capacity of Senior Engineer. The experimental and development work 
reported in this thesis, including the design and construction of bespoke apparatus, was 
undertaken by the author, unless otherwise stated. 
 
The thesis  is organised  into seven chapters,  including this  introduction. Prior to the 
presentation of any practical work, the background information relevant to silica optical 
fibre  fabrication  is  provided.  Although  the  outcome  of  this  work  will  involve 
implementation  of  optical  fibres  as  devices,  it  is  predominantly  advances  in  their 
fabrication  that  have  been  studied,  and  as  such  the  information  in  Chapter  2 
concentrates on these aspects. Any subsequent work that requires an understanding of 
how  the  resultant  optical  fibre  can  be  integrated  into  a  particular  application  is 
addressed  in  the  individual  chapter.  Having  introduced  the  appropriate  technical 
background,  the  experimental  work  is  then  split  into  four  distinct  chapters,  each 
covering a separate fabrication technique. The presentation structure of these chapters 
broadly follows the same form: an introduction to the topic followed a description of the 
developed  fabrication  technique,  a  report  of  the  characterisation  results  from  the 
fabricated preforms and fibres, and finally a summary and a list of the references used in 
the text. 
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is frozen-in. The temperature at which the viscous liquid becomes a solid glass is known 
as the transition temperature (Tg) and can be regarded as the temperature below which 
the  molecules  have  relatively  little  mobility.  For  pure  SiO2,  Tg  is  in  the  region  of 
1200 °C [1]. However, this value will depend on the rate of cooling, and therefore the 
properties of a glass will differ depending on the thermal history of the material.  
 
In principle, nearly all materials will form a glass if cooled sufficiently fast, however, 
relativity few can do so on their own in the same manner as SiO2. These types of oxides 
are  known  as  ‘glass  formers’,  and  include  germanium  dioxide  (GeO2),  phosphorus 
pentoxide  (P2O5),  and  boron  trioxide  (B2O3).  In  addition  to  glass  formers,  dopant 
elements in oxide glasses can also be classed as ‘network modifiers’ or ‘intermediates’, 
which  are  often  classified  by  their  atomic  bond  strength.  Network  modifiers  sit  in 
interstitial  positions  within  the  glass  network,  breaking  the  Si-O-Si  bonds  and 
modifying the chemical and optical properties of the glass, but are not able to form a 
glass themselves. These include alkali and alkaline earth metal oxides, of which sodium 
(Na) is perhaps the most important as it reduces the working temperature of the glass 
[2]. An intermediate oxide is a conditional glass former which does not form a glass 
independently but can combine with other oxides in the glass network. 
 
Amorphous silica glass has a very high optical transparency over a broad wavelength 
(l) range of 0.8 mm to 2.0  m, making it ideal for optical waveguiding applications. 
This low-loss window is bound by fundamental absorption edges in the ultraviolet (UV) 
and  near-infrared  (IR)  regions  as  a  result  of  favourable  electron  transitions  and 
molecular vibrations in the glass. The dominant loss mechanism within the transparent 
region is Rayleigh scattering, which defines the theoretical minimum loss in silica as 
0.125 dB.km
-1 at l = 1.55  m [2]. Rayleigh scattering is an intrinsic loss mechanism 
that is caused by inhomogeneities in the glass which are of a similar length scale as the 
wavelength of light, and introduces an optical loss that is proportional to λ
-4. In contrast, 
extrinsic losses arise from impurities such as metal ions and hydroxyl (OH) groups that 
are present in the glass structure. Transition metal ions such as chromium (Cr), copper Chapter 2                       Silica Optical Fibre Fabrication 
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(Cu) and iron (Fe) introduce to a considerable absorption in optical fibres that is of the 
order 1 dB.km
-1 for every part per million (ppm) of impurity [3]. However, it is OH 
groups that account for the highest contribution to the absorption in silica, and which 
are most difficult to eradicate. OH molecules that are embedded in silica glass structure 
have a fundamental stretching vibration at l = 2.73  m. This fundamental vibration, in 
combination  with  harmonic  vibrations,  manifests  as  characteristic  absorption  peaks 
centred at wavelengths of 1.39  m, 1.24  m and 0.95  m, with every ppm responsible 
for an absorption of 54 dB.km
-1, 2.3 dB.km
-1, and 0.83 dB.km
-1, respectively [2]. 
 
Reducing the attenuation in optical fibres that is caused by the presence of OH groups is 
addressed at the start of the preform fabrication process. In the case of MCVD, the 
substrate itself can be a major source of contamination and is partially suppressed by 
careful selection of the starting material. A glass type that is widely used as a substrate 
and  jacketing  tube,  both  commercially  and  in  the  laboratory  is  SUPRASIL-F300 
(Heraeus,  Germany),  which  is  synthetic  fused  quartz.  It  is  manufactured  from  the 
oxidation of silicon-rich precursors (as opposed to naturally fused quartz) to form a 
porous soot body that can be efficiently dehydrated before being sintered into glass. 
Thereafter, it is ground and drilled to the required dimensions. F300 glass exhibits only 
trace metal impurities, at the sub-parts per billion (ppb) level, and the manufacturing 
process is regulated so as to maintain the OH content at <1 ppm [4]. 
 
Whilst considerable efforts are  made to remove  impurities  from the glass to reduce 
unwanted absorption and scattering losses, the deliberate incorporation of RE ions into 
the  silica  structure  is  desirable  for  the  purpose  of  light  amplification.  RE  ions  are 
optically active, enabling them to absorb and emit light at different wavelengths. Lasing 
is based on the process of stimulated emission, and in the case of RE-doped silica fibre 
used  in  applications  for  telecommunications  the  emission  wavelengths  typically  lie 
within the favourable ‘eye-safe’ range between 1.5 mm and 2.0 mm. Furthermore, RE 
ions  are  relatively  insensitive  to  their  host  material  by  virtue  of  their  electronic 
structure; the outer 5s and 5p electrons shield the electronic structure when incorporated Chapter 2                       Silica Optical Fibre Fabrication 
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pass (2000 –2100 °C) to smooth out the  microscopic  irregularities that were  formed 
during the etching. Prior to the core layer, several silica cladding layers are deposited to 
provide a low-loss barrier which prevents OH ions, or any other contaminants, from 
diffusing inwards.  
 
The core layer is produced by adding GeCl4 or POCl3 to the SiCl4 gas stream in order to 
raise the index of the glass in accordance with the fibre design. At high-temperatures, 
SiCl4 vapour reacts with oxygen to form the silica network, whilst GeCl4 oxidises into 
GeO2. Similarly, POCl3 is converted into P2O5 which also increases the refractive index 
of the glass, but reduces the processing temperature and allows multiple glass layers to 
be deposited without significant tube distortion. BBr3 is incorporated into silica as B2O3 
and reduces the refractive index of the glass. Boron doping also significantly increases 
the thermal expansion coefficient of the glass and is therefore normally reserved for 
speciality fibre structures. Its use is studied further in Chapters 3 and 6. 
 
The balanced oxidation reactions for the four main precursors are shown below. 
 
SiCl4 + O2 ® SiO2 + 2Cl2                                               (2.1) 
   GeCl4 + O2 ® GeO2 + 2Cl2                                                                   (2.2) 
4POCl3 + 3O2 ® 2P2O5 + 6Cl2                                                           (2.3) 
4BBr3 + 3O2 ® 2B2O3 + 6Br2                                                              (2.4) 
 
These  chemical  reactions  are  initiated  at  temperatures  in  the  region  of  1300 °C  to 
1600 °C, although the overall efficiency of material incorporation, even above 1600 °C, 
is typically only around 40 – 70 % [18]. The conversion of SiCl4 and POCl3 into their 
oxide forms is effectively unity at temperatures above around 1475 °C [20]. However, 
the conversion of GeCl4 to GeO2 is incomplete at temperatures above ~1125 °C as the 
excess of Cl2 from the oxidation of SiCl4 shifts the reaction equilibrium in favour of 
GeCl4.  The  excess  of  Cl2  in  the  tube,  which  is  typically  between  3 – 10 %  during 
processing [10], is however beneficial as it reacts favourably to remove OH ions.  Chapter 2                       Silica Optical Fibre Fabrication 
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The  dominant  mass  transfer  mechanism  responsible  for  glass  deposition  is 
thermophoresis [21]. As the oxy-hydrogen burner slowly traverses along the length of 
the  substrate tube  in  the  same  direction  as  the  gas  flow,  it  produces  a  temperature 
gradient within the tube with the hottest point marginally lagging behind the centre of 
the  burner.  As  the  precursors  reach  this  hot-zone  they  undergo  a  high-temperature 
oxidation  reaction  resulting  in  the  growth  of  submicron-sized  amorphous  particles. 
These are subsequently deposited downstream where the tube wall is cooler and are 
viscously sintered into a glassy layer as the burner passes over them.  
 
Thermophoresis describes how a particle suspended in a laminar gas flow acquires a 
velocity towards a lower temperature as a result of being bombarded by gas molecules 
of different average energies [21]. Following the oxidation reaction, the initial direction 
of the particles is towards the centre of the tube where the gas is cooler. However, as 
they travel further downstream, the tube temperature is lower than that of the gas and 
the particles are deposited on the glass wall. Most particle paths lead to deposition, 
whilst those particles travelling at, or close to, the axial centre of the tube travel directly 
to the extract. As the oxide particles travel downstream, they continually collide and 
combine with other particles to produce a range of sizes. Once sintered, this particle size 
variation has no effect on the resulting glass layer, but it has profound implications for 
soot deposition which is discussed further in the next subsection. 
 
The temperature profile inside the tube means that the position at which a particle is 
formed dictates the trajectory it will follow downstream. Consequently, factors such as 
the tube wall thickness, gas flow rate, burner carriage, and to a lesser extent the tube 
rotation speed, will all influence the temperature profile and play a role in the deposition 
efficiency [22]. Methods to enhance the deposition efficiency by force cooling of the 
gas after it has passed through the reaction zone [23], or introducing internal directional 
gas jets downstream of the burner [24] have been reported but add complexity to the 
system and are normally unnecessary for most research work.  
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whereas, if the burner temperature is inadequate, the soot layer may not adhere to glass 
surface [27]. Therefore, an optimum soot deposition temperature exists for a particular 
set of process conditions (e.g. precursor gas flow rates, carriage traverse speed etc.).  
 
Silica is doped with germanium or phosphorous primarily to raise the refractive index of 
the glass, but is also used to enhance the solubility of RE ions in the structure. GeCl4 
and POCl3 are combined with SiCl4 in the vapour-phase and deposited at a reduced 
burner temperature to produce a doped soot layer. The addition of GeO2 and P2O5 to the 
glass, however, lowers its melting point and consequently the porosity of the soot layer 
is more sensitive to the deposition temperature than an undoped soot layer. It has been 
reported that an increase of 40 ºC in the deposition temperature used for a Ge-doped 
soot reduces the layer thickness by 45 %, and translates into a significant reduction in 
the RE absorption of the resultant fibre [28]. In the case of a soot layer doped with P2O5, 
the situation is even more problematic: within the temperature range needed for the 
oxidation  reaction  to occur, the  traversing  burner  substantially  sinters  the  soot  as  it 
passes.  To  overcome  this  problem,  the  soot  is  deposited  by  translating  the  burner 
carriage  in  the  opposite  direction  to  the  gas  flow,  thus  preventing  premature 
consolidation of the deposited particles. A low temperature pre-sintering pass, in the 
conventional downstream direction, is subsequently needed to sufficiently adhere the 
soot layer to the glass surface [19]. 
 
As  well  as  the  soot  porosity,  variations  in  the  particle  sizes,  both  radially  and 
longitudinally  along  the  tube,  will  strongly  influence  the  dopant  incorporation  and 
uniformity  in  the  final  preform.  The  effects  of  the  temperature  gradient  and  the 
thermopheretic forces in the tube direct the particles along different trajectories. The 
temperature the particles experience, and the distance they travel, will influence their 
growth  and  produce  a  distribution  of  particle  sizes  that  follow  different  trajectories 
towards the tube wall (see Figure 2.7). The larger soot particles (of the order of 150 nm) 
are deposited close to the burner whilst smaller particles (of the order of 15 nm) are 
deposited further downstream [30]. During normal (high temperature) deposition, this 
variation is inconsequential as the particles are immediately consolidated by the burner. Chapter 2                       Silica Optical Fibre Fabrication 
29 
the more volatile oxyhalide compounds which constitute the intermediate products in 
the oxidation reaction [35].  
 
The ‘heated source injector’ method shown in Figure 2.8(c) addresses the problem of 
unintended  oxidation  by  segregating  the  RE  chloride  source  from  the  conventional 
precursors.  However,  any  advancement  from  glass  delivery  designs  that  involve 
multiple tubes in this way is offset by the need to heat the external glassware to an even 
higher temperature to reach the same temperature within the internal glassware. This 
then  risks  oxidising  the  SiCl4  vapour  in  the  outer  glass  tube.  The  problem  can  be 
overcome by simply swapping the chemical input lines, and locating the RE within the 
outer glassware, although it is not believed that this approach has been reported in the 
literature. 
 
The aerosol delivery method illustrated in Figure 2.8(d) eliminates the need for volatile 
precursors, as well  as  high temperature heating, and uses an ultrasonic  nebuliser to 
produce aerosol particles from a RE solution [36]. The generated particles are of the 
order  of  several  microns  in  diameter,  and  are  sufficiently  buoyant  to  be  generated 
remotely and transported to the reaction zone through a normal chemical delivery line. 
The RE chlorides can be dissolved in an aqueous or organic-based liquid although a 
solution  with  a  low  viscosity  and  surface  tension  is  desirable  to  enable  easy 
nebulisation. Tetraethylorthosilicate (TEOS) is commonly used for this purpose, and is 
available in high purity [37]. Glass oxides containing Nd, Er, Al, and P have all been 
demonstrated  using  this  method  [38],  although  no  recent  reports  have  been  found. 
Given the relative ease with which the technique can be implemented, it is presumed 
that researchers  have probably  explored the use of aerosol delivery,  but were either 
unsuccessful  or  are  aware  of  significant  limitations  of  the  process  for  preform 
fabrication. 
 
In  Figure  2.8(e),  a  delivery  system  based  on  RE-chelates  is  shown.  Chelates  are 
organometallic compounds that have a significantly  higher  vapour pressure than RE 
chlorides and are volatized at a more manageable temperature of around 150 – 200 ºC Chapter 2                       Silica Optical Fibre Fabrication 
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designed coating applicators and high-power curing ovens are required to cope with the 
high drawing speeds.  
 
In stark contrast to a production environment, the drawing speeds used for fabricating 
speciality silica fibres within the Optoelectronics Research Centre (ORC) are typically 
in the range of 3 m.min
-1 to 25 m.min
-1. As such, the equipment specification is less 
demanding and a modest tower height of around 6 m is preferable so as to allow the 
operator to access all parts of the tower quickly. Moreover, the challenges in coating the 
fibre tend to be towards large diameters (up to 800  m) and non-cylindrical geometries 
rather than high draw speeds. The key attributes of a drawing tower are detailed below 
and reflect the typical configuration of the towers that were used for the experimental 
work reported within this thesis. 
 
A schematic of a research-grade drawing tower is shown in Figure 2.11. The preform is 
attached to a motorised chuck at the top of the drawing tower that slowly feeds the glass 
into the furnace at a rate of between 0.1 mm.min
-1 and 10 mm.min
-1. The furnace, which 
is resistively heated, is continually purged with argon during operation to prevent the 
graphite  elements  from  oxidising  (burning).  An  adjustable  aperture  at  the  top  and 
bottom of the furnace reduces turbulent gas flows which would otherwise contribute to 
fluctuations in fibre diameter. To begin the drawing process, a sacrificial length of glass 
welded to the end of the preform, known as the ‘drop’, is positioned directly below the 
hot-zone of the furnace. The furnace temperature is then increased, and as the glass 
softens it tapers to form a necked-down region. The drop falls under gravity and is 
pulled  downwards,  by  hand,  before  removing  and  transferring  the  fibre  on  to  the 
capstan. The  motorised  mini-capstan  is used  for  large diameter (>0.5 mm) uncoated 
glass  fibres  or  capillaries  and  was  utilised  for  the  experimental  work  presented  in 
Chapters 5 and 6. Chapter 2                       Silica Optical Fibre Fabrication 
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(>300 m.min
-1) [45, 46]. The pressure required to force the liquid coating on to fibre is 
proportional to the capstan speed, for a fixed viscosity, and to a certain extent can be 
used to tailor the coating thickness [47]. However, an optimum pressure  is reached 
when the shear rate is minimum, at which point the coated fibre diameter is a function 
of the fibre and die dimensions only [45]. The optimum pressure needed for the coating 
applicator is strongly influenced by the viscosity of the liquid coating. In the case of 
PC-373, the viscosity of the liquid coating is 7500 mPa.s at a temperature of 25 °C, and 
reduces  to  2100 mPa.s  at  40 °C.  The  viscosity  of  the  higher-index  DSM-314  is 
7700 mPa.s at 25 °C, and has a comparable dependence on temperature. These coatings 
are typically heated to around 35 – 40 °C so that the pressures required during their 
application are within the practical range of the equipment. 
 
Before the fibre passes on to the drum winder, the tension in the line is measured. This 
is performed on the coated fibre and relates to a combination of the bare  fibre and 
coating tension. The measured tension will increase with reducing furnace temperature, 
as well as increasing draw speeds, and is normally kept within the range of 20 – 80 g. 
The  measured  tension  provides  additional  information  about  the  temperature  of  the 
glass  in the  hot-zone and complements the  measurement of the  furnace temperature 
obtained by the pyrometer. 
 
A  final  additional  piece  of  equipment,  which  is  mainly  found  on  a  drawing  tower 
designed for research and development, is a preform pressurisation and vacuum facility. 
This is used for microstructured optical fibre drawing, where it is necessary to control 
and manipulate the shape of air holes in the preform, and is used for the work presented 
in Chapters 5 and 6. The pressure inside the preform tube is monitored and controlled 
through a hollow preform  handle, on to which  a pipeline  is connected. The control 
mechanism can take the form of a closed loop MFC which continually adjusts the flow 
of  N2  or  He  to  maintain  a  specific  pressure,  or  equally,  can  comprise  of  a  simple 
arrangement of manual gas valves and a sensitive pressure gauge. It is usual to be able 
to switch the pipeline to a vacuum pump in order to obtain pressures below atmosphere. Chapter 2                       Silica Optical Fibre Fabrication 
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excited [9]. Or alternatively, selective core doping, or differential mode gain, can be 
achieved by confining the active ions in the fibre to the central region of the core. The 
distribution of RE dopants is then tailored so that it closely matches the intensity field of 
the LP01 mode, and thus gain in higher-order modes is significantly reduced. 
 
The power threshold for SBS is inversely proportional to the effective fibre length [10], 
and consequently a high RE absorption is normally targeted in order to minimise the 
limitations  imposed  by  nonlinear  effects.  In  combination  with  co-dopants,  such  as 
aluminium and phosphorous, the silica glass network has the capacity to accommodate 
relatively high concentrations of RE ions. The addition of these co-dopants, however, 
increases the refractive index of the glass and precludes the fabrication of fibres with a 
low-NA core. This has led to the development of a ‘pedestal’ RIP, which incorporates 
an inner-cladding region with a raised refractive index that surrounds the core [5]. It is 
then the effective refractive index between the core and the inner-cladding of the fibre 
that is responsible for optical guidance, and which can be designed to be of low-NA. 
 
Applications where the polarisation of the signal light in a RE-doped fibre laser needs to 
be conserved are achieved through stress-induced birefringence, which decouples the 
polarisations of a SM core. The two main types of polarisation-maintaining (PM) fibres 
are  ‘bow-tie’  and  PANDA  [11].  Both  bow-tie  and  PANDA  fibres  incorporate 
borosilicate stress-applying regions to induce birefringence, but are fabricated in very 
dissimilar  ways.  Bow-tie  fibres  are  fabricated  entirely  by  MCVD,  in  a  single-step 
process, with the stress regions deposited in-situ, prior to the core layer. Conversely, 
PANDA fibres are fabricated using a multi-step process, which involves drilling holes 
into  a  solid  preform  and  inserting  pre-fabricated  borosilicate  ‘stress  rods’.  Bow-tie 
fibres generally allow the most accurate control over the separation between the stress 
members and the core, although it is PANDA fibres that are considered to give the best 
preform scalability and reproducibility as a result of the decoupled fabrication stages 
[12]. The fabrication process for PANDA fibres is detailed further in subsection 3.3.8, 
with the demonstration of a pedestal RIP fibre featuring a unique aluminosilicate (Al:Si) 
inner-cladding. Chapter 3                  In-situ Solution Doping Technique 
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It if is assumed that Dn = 0.001 represents the lowest practical index difference that can 
be achieved using the MCVD process, the maximum core diameter of a fibre that will 
support solely the LP01 mode at wavelengths of 1060 nm and 1550 nm is 14 mm and 
20 mm, respectively. This means that a LMA fibre with a core diameter in the region of 
20 – 30 mm, as is often quoted in the literature, will be multimoded, or few-moded, at 
this wavelength.  
 
The simulation data shown in Figure 3.1 can also be applied to a fibre with a pedestal 
RIP, where the effective refractive index between the core and the inner-cladding (Dneff) 
is  modelled  as  a  simple  step-function  with  an  infinite  cladding.  This  assumption, 
however, assumes that the medium surrounding the core, in this case the inner-cladding, 
behaves as a ‘true’ optical cladding and is of sufficient width. The diameter threshold 
for the inner-cladding was regarded as the point at which any further increase in its 
width had a negligible effect on the modal properties of the core [5].  
 
In a step-index fibre with a core diameter of 25 mm and Dn of 0.001, it was predicted 
that four core modes will be supported at l = 1.06 mm (Figure 3.1). Using OptiFiber 
software,  a  pedestal  RIP  was  simulated  with  the  dimensions  of  the  effective  core 
matching those of the step-index above. The overall core Dn was set to 0.01, which is 
indicative of the index rise in a highly RE-doped fibre. The mode field diameter (MFD), 
which describes the transverse distribution of the optical intensity, was then computed 
for inner-cladding widths that ranged from 1 mm to 30 mm. These results are plotted in 
Figure 3.2 for the lower-order modes.  
 
The results indicate that the influence the inner-cladding width has on the MFD of the 
core modes reduces as its width increases. As the inner-cladding width is extended, it 
begins to behave as a ‘true’ optical cladding and not merely an extended core feature. 
The MFD of the modes in the simulated RIP are constant, to within <0.1 %, beyond an 
inner-cladding width of 17 mm. This equates to inner-cladding and core diameters of 
59 mm and 25 mm, respectively, and a diameter ratio of 2.4. Chapter 3                  In-situ Solution Doping Technique 
  65 
Following  deposition  of  the  required  number  of  layers  in  the  substrate, the  tube  is 
radially collapsed to form the solid preform. By applying conservation of  mass, the 
CSA of each deposited layer in the substrate tube is equal to that of the corresponding 
layer in the collapsed preform. This is illustrated in Figure 3.4 and the relationship is 
expressed mathematically below, 
 
Layer 1:  CSA1 = π(r1
2 – r0
2) = πR1
2              (3.2) 
Layer 2:  CSA2 = π(r2
2 – r1
2) = π(R2
2 – R1
2)         (3.3) 
Layer n:  CSAn = π(rn
2 – r n-1
2) = π(Rn
2 – Rn-1
2)        (3.4) 
 
where CSA is the layer cross-sectional area (mm
2) and n denotes the layer number. 
 
Similarly, the thicknesses of the layers deposited in the substrate, t, and the thicknesses 
of the collapsed layers in the preform, T, are related by, 
 
     t1 = r1 – r0, and  t2 = r2 – r1,  and tn = rn – r n-1          (3.5) 
T1 = R1,  and T2 = R2 – R1,  and Tn = Rn – Rn-1        (3.6) 
 
By applying the mathematical rule of ‘difference of two squares’ to equation (3.4), and 
substituting  into  the  general  form  of  equations  (3.5)  and  (3.6),  the  following 
relationships were derived, 
 
tn = CSAn / π ( rn + r n-1)             (3.7) 
Tn = CSAn / π ( Rn + Rn-1 )            (3.8) 
 
Using the equations above, the dimensions of a theoretical preform comprising of 10 
layers deposited inside a substrate tube with rout = 10 mm and rin = 8 mm was modelled. 
The CSA used for each of the deposited layers was estimated to be 0.5 mm
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substrate tube, using a burner velocity of 100 mm.min
-1, and doped with a relatively low 
concentration solution, were examined. The average measured CSA of layers deposited 
using a SiCl4 flow rate of 50, 100, 150 and 200 ml.min
-1, were (to within ~10 %) 0.35, 
0.48,  0.61  and  0.75 mm
2,  respectively  (and  a  bubbler  temperature of 28 °C).  These 
results predict that a single core layer, deposited using a SiCl4 gas flow of 50 ml.min
-1, 
will produce a core diameter in the resultant preform that measures 0.67 mm. This is 
compared to a layer deposited with a SiCl4 flow rate of 200 ml.min
-1, which results in a 
core diameter of 0.98 mm.  
 
The correlation between the SiCl4 flow rate and expected layer CSA can be expressed 
numerically. If the total core diameter in the preform, Dtot (see Figure 3.4), consists of 
multiple individual layers, each with the same CSA, then the total number of layers, N 
is related to the total core diameter by, 
 
n
2
tot
CSA
D
4
N ´ =
p
                                                  (3.9) 
 
By  inserting  the  predicted  CSA  values  for  a  particular  SiCl4  flow  rate,  as  deduced 
previously,  into  equation  (3.9), the  number  of  layers  required  to  produce  a  specific 
preform core diameter can be calculated. This is shown in Figure 3.9 for SiCl4 flow 
rates of 50, 100, 150 and 200 ml.min
-1. The graph reveals that several or more layers are 
needed to realise even a modest core diameter of 2 mm. (Higher flow rates of SiCl4 can 
be used, but introduce an undesirable dopant gradient, which is discussed further in 
subsection 3.3.5).  Chapter 3                  In-situ Solution Doping Technique 
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to  generally  less  than  1 ´ 10
-4  as  shown  in  Figure  3.14(b).  The  core  and  cladding 
diameters of the fibre were 24 mm and 125 mm, respectively. Comparing these measured 
values to the step-index computer simulations performed  in subsection 3.3.1, it was 
predicted that a fibre with these dimensions will support 4 modes (i.e. LP01, LP02, LP11 
and LP21) at l = 1.06 mm. 
 
Preform  L30154  demonstrates  the  scalable  nature  of  the  in-situ  solution  doping 
technique for RE-doped fibre fabrication, showing that many RE-doped layers can be 
deposited,  almost  indefinitely.  Nevertheless,  it  is  still  beneficial  to  maximise  the 
thickness of each soot layer to limit the overall number of layers that are required. The 
soot thickness can be increased by either, increasing the SiCl4 gas flow rate, or reducing 
the  burner  traverse  speed  during  deposition.  However,  it  was  found  that  to  avoid 
blocking the tube with the generated soot, the practical limit for the SiCl4 flow rate was 
200 ml.min
-1 (when using a standard-sized substrate tube). 
 
Three preforms were fabricated to explore whether a thick soot layer could be achieved 
from multiple individual layers, each deposited with a relatively low SiCl4 flow rate (i.e. 
<200 ml.min
-1). A thick soot layer that is produced in this way has been termed as a 
‘soot-set’. Each preform was fabricated with a standard-sized substrate tube and the 
usual  glass  preparation  and  cladding  layer  steps  were  applied.  All  soot  layers  were 
deposited  using  a  SiCl4  flow  rate  of  100 ml.min
-1  at  a  deposition  temperature  of 
1600 °C. A soot-set consisting of 10, 5, and 1 individual soot layers was applied to 
preforms  L30200, L30202 and L30207, respectively. Each soot-set was subject to a 
single doping step using the in-situ solution doping technique. The RIP of the resultant 
preforms was measured. The peak Dn was slightly different in each case, and so for the 
purposes of comparing the core diameter, the RIPs have been normalised with respect to 
the undoped silica cladding (see Figure 3.15). A summary of the preform fabrication 
parameters and measured results are shown in Table 3.2.  Chapter 3                  In-situ Solution Doping Technique 
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for the SAPs were then drilled diametrically into the preform to a positional accuracy 
approaching  50 mm,  using  in-house  ultrasonic  drilling  equipment.  Pre-fabricated 
borosilicate  stress  rods  were  used  for  the  SAPs,  and  were  chemically  etched  to  a 
diameter of 4.8 mm to remove the majority of the silica cladding. A cladding-to-core 
diameter ratio of 1.05 was achieved. The clearance  between the stress rods and the 
drilled holes was found to be critical and, a gap of 0.2 mm to 0.3 mm was deemed to be 
optimum. It was found that if the clearance was too large, the holes collapsed during the 
draw to eliminate the void and tended to deform the core elliptically. Conversely, if the 
gap was too small, there was the potential for trapping air between the surfaces owing to 
the inevitable slight non-uniformity along the length of the stress rods. 
 
The surface quality of the holes following ultrasonic drilling was reasonable, but it was 
found  that  if  the  visible  scratches  were  not  removed  before  drawing,  small  holes 
developed in the fibre at the interface of the stress regions as a result of trapped gas 
between the fused glass surfaces. A similar effect was also seen if the contaminants 
from the coolant used in the drilling process were not adequately removed prior to fibre 
drawing.  Both  issues  were  resolved  for  preform  L30184  by  performing  a  high-
temperature flame polish on the lathe after drilling. During this process, the pressure 
inside the holes was controlled to avoid any collapse or deformation. 
 
The preform was assembled with a glass handle tube attached to the upper end to allow 
the air inside to be evacuated during the draw. The applied vacuum ensured that the 
surfaces between the stress rods and the holes sealed. An applied vacuum of 15 mbar 
(below atmospheric) was found to be sufficient. The final fibre drawing parameters, 
included, a furnace temperature of 2030 °C, a draw speed of 10 m.min
-1 and a preform 
feed speed of 0.7 mm.min
-1. A 200 m length of fibre (T0283) was successfully drawn at 
a diameter of 120 mm which was coated with PC-373. A cross-section of the fibre is 
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To further increase the core diameter, the feasibility of using soot-sets was investigated. 
Preliminary results indicated that without further optimisation of the burner temperature 
a detrimental porosity gradient was introduced. This was a result of the previously laid 
soot layer being sintered during the following deposition pass. It may be possible to 
lessen  the  porosity  gradient  by  optimising  the  soot  deposition  temperature  for  each 
subsequent  layer.  By  reducing  the  burner  temperature  for  each  soot  layer  it  would 
ensure  that  the  porosity  of  the  layers  nearest  the  tube  wall  would  be  maintained, 
however trials would be needed to ascertain if this approach detrimentally affects the 
overall adhesion of the soot body.  
 
A large proportion of the experimental work involved the fabrication of pedestal RIP 
preforms that included a unique Al:Si inner-cladding. The multilayered inner-cladding 
was achieved using the in-situ solution technique and resulted in a glass preform which 
was  tolerant  to  post-processing.  Using  this  approach,  a  fibre  with  a  high  Yb 
concentration  (>18,000  ppm,  by  weight)  and  a  low  effective-NA  (~0.06)  was 
demonstrated for what is believed to be the first time [3]. The fibre was testing in a 
lasing  configuration  and  slope  efficiency  of  82 %  was  measured  at  11 W  of  output 
power. Computer simulation of the  fibre RIP confirmed that the  lower-order modes 
were confined to the central core region and exhibited a negligible overlap with the 
inner-cladding. 
 
The use of Al:Si for the inner-cladding of a pedestal RIP preform, as opposed to Ge:Si 
or P:Si, results in a reduced thermal expansion mismatch with that of the silica cladding. 
The  benefits of this were demonstrated by  fabricating Yb-doped  fibres  featuring an 
asymmetric inner-cladding, and which have not been seen in the literature previously. 
The  post-processing  was  intended  to  break  the  symmetry  of  the  inner-cladding  to 
enhance  the  pump  absorption,  although,  in  the  fibres  tested,  the  absorption 
measurements suggested that the D-shaped outer-cladding was sufficient to suppress 
helical modes from propagating even without modifying the inner-cladding symmetry. 
These findings were contrary to expectations. To ascertain the origin of the results, a 
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The RE  chemical precursors that are used  in the solution doping process are  metal 
halides, such as erbium and ytterbium chloride, and have the molecular form of RECl3. 
These compounds are solid at room temperature and available commercially in the high 
purities that are needed  for  fibre  fabrication (i.e. up to 99.9999 %, from  RE  metals 
analysis). Rare-earth chlorides are hygroscopic, readily oxidising in air, and therefore 
require stringent chemical handling practices. However, hydrated rare-earth chlorides 
(RECl3.xH2O) are highly soluble in water, as well as solvents such as methanol, and are 
therefore easily integrated into a solution doping process.  
 
Although rare-earth chlorides are appropriate for solution doping, their intrinsically low 
volatility means that they are less attractive as a vapour source. Anhydrous RE chlorides 
have a vapour pressure in the region of 1 kPa (at 1000 °C) and require a temperature of 
at least several hundred degrees Celsius to produce appreciable vapour [3]. Therefore, a 
system capable of efficiently transporting gaseous RE chloride to a rotating substrate 
tube on a lathe, and integration of this into conventional MCVD equipment, requires 
considerable  engineering  investment.  Notably,  the  entire  delivery  line,  from  the 
chemical  bubblers  through  to the  rotary  seal  and  the  glass  tube,  must  be  heated  to 
prevent the vapour from condensing en-route and clogging the pipe-work. 
 
For the reasons mentioned above, organometallic chelate complexes are an attractive 
candidate for a dopant vapour-source owing to their favourable physical properties [4]. 
Chelates, (the name of which refers to the specific chemical bonding of the compound) 
are solid at room temperature and evolve vapour in quantities comparable to SiCl4 (at 
room temperature) at a temperature of only 100 – 200 °C, thus considerably simplifying 
the  specification  on  heated  lines.  The  vapour  pressure  of  three  lanthanide  chelate 
compounds in the range of 150 – 250 °C is shown in Figure 4.1. 
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fibre  with  that  of  a  known  glass  composition.  The  work  by  Tumminelli  et  al.  was 
undertaken at a time when the solution doping technique was in its infancy and can 
arguably be regarded as proof-of-concept for preform fabrication using vapour-phase 
deposition of RE ions. Moreover, no information on the obtained preform refractive 
index  profile  or  dopant  uniformity  was  disclosed,  and  only  limited  data  has  been 
provided on the laser results of a fibre doped with 1 wt% of Nd2O3. 
 
Over  a  decade  later,  Jackson  et  al.  [8]  reported  on  a  thulium  (Tm)-doped  preform 
fabricated  using  a  chelate-based  MCVD  technique.  Optical  fibre  was  drawn  into  a 
double-cladding geometry from the preform which contained ~0.35 wt% of Tm2O3 in 
an aluminosilicate (Al:Si) host glass. An output power of >1.5 W at a wavelength (l) of 
~2 mm was demonstrated with a slope efficiency of 13 %.  
 
In 2008, a more explicit account of preform fabrication using RE chelates was reported. 
Sekiya et al. [9] described how vapour from chelate precursors, which were located 
externally  to  the  lathe,  were  transported  through  heated  lines  in  the  same  way  as 
depicted by Tumminelli et al. and Jackson et al. The experimental setup also included a 
‘nickel-chrome heated nozzle’, which protruded into the glassware to ensure that the 
dopant vapour did not condense prematurely. Sekiya et al. targeted a large-mode area 
(LMA)  Yb-doped  preform  structure,  using  Yb(DPM)3  chelate  (essentially  the  same 
compound as TRIS(2,2,6,6,-tetramethyl-3,5-heptanedione)) co-doped using AlCl3. The 
focus of the article was on validating their fabrication technique and around 40 doped 
layers  were  deposited,  forming  a  5 – 6  mm  diameter  core  with  a  maximum  Yb 
concentration of 1.2 wt%. Sekiya et al. cite that the early difficulties in achieving good 
radial and longitudinal dopant uniformity in the preform were overcome with improved 
process control. Confirmation of their improvements was presented by way of Scanning 
Electronic  Microscopy-Electron  Probe  Microscopy  Analysis  (SEM-EPMA) 
measurements,  which  showed  a  radial  variation  in  dopant  concentration  of  less 
than ±10 %.  
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Sekiya et al. omit any reference to fibre being drawn from the preforms, and instead the 
continuing results were reported separately by Petit et al. [10]. In this article, Petit et al. 
correlated the chelate temperature used during glass deposition the Yb-incorporation in 
the  resultant  fibre.  A  concentration  of  0.12 wt% and 1.2 wt%  was  achieved  using  a 
furnace temperature of 200 °C and 250 °C, respectively. It was also demonstrated that 
the solubility limit of Yb in silica, without any co-doping, was 0.2 wt%. A LMA fibre 
with ~0.3 wt% Yb2O3 and ~0.4 wt% Al2O3 was tested in a laser configuration, and a 
slope efficiency of 73 %, with respect to launched pump power, was reported. 
 
An alternative vapour deposition technique  has  been reported by Lenardic et al. (of 
Optacore) [11], termed ‘flash vaporization’, which is based on a hybrid delivery method 
for MCVD and was developed in conjunction with Kemstream (France). Lenardic et al. 
proposed that the sublimation of some solid chelate precursors does not yield a stable 
and  reproducible  vapour  flow,  and  that  the  materials  may  thermally  degrade  when 
subjected to prolonged direct contact heating. These issues can reportedly be evaded by 
using the flash vaporization technique. The process is an amalgamation of aerosol and 
chelate doping techniques. Dopant precursors are first dissolved in a solvent which is 
then atomised and directly injected into a high-temperature (up to 250 °C) evaporation 
chamber.  The  aerosol  is  instantly  vaporised  and  the  dopant  mixture  is  transported 
through heated lines and a high temperature rotary seal to the substrate tube. Rare-earth 
organometallic  precursors  are  typically  dissolved  in  TEOS  (tetraethylorthosilicate 
Si(OC2H5)4), which is readily available in high-purity and also acts as a silica precursor, 
thus removing the need for SiCl4. The layer deposition step can be repeated as required, 
and 20 or more RE-doped layers are achievable [12]. 
 
An Yb-doped aluminosilicate fibre fabricated using the flash vaporization technique has 
been reported by Lenardic et al. [11]. The fibre had a measured Yb2O3 content of up to 
3.2 wt% and a background loss of 20 dB.km
-1 in the l = 1100 – 1300 nm transmission 
window. A subsequent article by Lenardic et al. expands the repertoire of precursors 
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cobalt (Co) [12]. A Bi-doped aluminosilicate preform was fabricated using Bi(tmhd)3 
and  Al(acac)3 precursors. Analysis of the preform samples, however, showed only trace 
amounts of Bi2O3, and no explanation for the low concentration was given. Similarly, 
the  preforms  doped  with  iron  and  cobalt,  achieved  using  Fe(thmd)3  and  Co(acac)3 
precursors, also showed low concentrations and the absence of characterisation from the 
drawn fibres suggests that the process still requires refinement. 
 
The  accounts  in  the  literature  of  MCVD  preform  fabrication  using  RE  chelate 
compounds  provide  encouraging  results,  however,  it  is  apparent  from  the  lack  of 
publications and underwhelming results in this area, that the employed schemes harbour 
certain problems. It is also possible that the institutions that possess these specialist 
facilities do not wish to openly publicise their development, but the inherent complexity 
of the currently available equipment is believed to be a contributing factor. Locating the 
dopant source external to the preform-making lathe appears to be symptomatic of many 
of the cited problems. A  logical step, therefore,  is to situate the chemical precursor 
closer  to  the  substrate  tube  initially.  Techniques  such  as  the  heated  frit  and  heated 
source, which were alluded to in Chapter 2, both adopt this approach. However, the 
exponential  dependence  of  vapour  pressure  on  temperature,  and  the  potential  for 
premature  oxidation  of  the  dopant,  means  that  heating  the  chemical  from  the  glass 
exterior does not allow a steady flow of dopant vapour to be maintained.  
 
The  CIC  process  presented  in  this  chapter  addresses  all  of  the  issues  that  are 
encountered  with  the  existing  technologies.  First  and  foremost,  the  CIC  setup  uses 
relatively simple components that remove the need for the remote vaporiser and heated 
delivery  lines  that  are  integral  to  the  previously  mentioned  systems.  Instead,  the 
precursors are situated in a glass crucible that is in close proximity to the reaction-zone 
and heated directly, rather than by an external burner. This strategy gives the crucible its 
superior  temperature  stability  and,  moreover,  it  can  be  heated  to  several  hundred 
degrees Celsius, allowing a wider range of precursors with low volatility to be used. Chapter 4                                                                             Chemical-in-Crucible Process  
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                       2AlCl3.6H2O → Al2O3 + 6HCl + 3H2O           (4.1) 
 
Hydrated aluminium chloride is therefore unsuitable for use in the CIC process, as the 
reaction product, Al2O3, is a non-volatile compound with a melting point of 2054 °C 
and a boiling point of almost 2977 °C [16]. The properties of anhydrous aluminium 
chloride, however, are more favourable. AlCl3 sublimes above 100 °C and has a vapour 
pressure of around 1 kPa at ~100 °C [16]. It is also readily available with a purity of up 
to 99.999 % (Sigma Aldrich product). AlCl3 does, however, require careful handling 
practises as it is corrosive and hydroscopic, and contact with water initiates a violent 
hydrolysis reaction that releases HCl fumes and heat.  
 
Preform L30114 has been fabricated using the CIC process and anhydrous AlCl3 as the 
precursor for the Al-doped core. To avoid contamination, a dry nitrogen (N2) purged 
glovebox  was  used  to  decant  ~0.5 g  of  AlCl3  into  crucible  A,  which  was  then 
transferred to the preform-making  lathe  in a  sealed N2-filled container. Once  in the 
glassware setup, a dry gas flow over the crucible was maintained. A silica substrate 
tube,  measuring  20 ´ 16 mm  in  diameter  was  prepared  in  the  usual  manner.  The 
crucible  was  heated  to  a  temperature  of  200 – 230 ºC  (the  ambiguity  relates  to  the 
absence of temperature feedback with the particular crucible used) and a single core 
layer was deposited using a burner temperature of 1950 ºC. The carriage traverse speed 
was 80 mm.min
-1, the SiCl4 flow rate was 100 ml.min
-1, and the He flow rate directed 
over the crucible was 200 ml.mim
-1. By the end of the core pass the entirety of the AlCl3 
had  been  exhausted.  The  tube  was  subsequently  collapsed  and  sealed  in  to  a  solid 
preform.  
 
The refractive index profile (RIP) of the preform was measured at intervals along its 
length, Z, (where Z = 0 designates the preform position at the beginning of deposition) 
using  PK2600HP  (Photon  Kinetics,  US)  equipment.  The  measured  refractive  index 
difference (Dn) and core diameters are plotted in Figure 4.5. A significant variation 
along  the  length  can  be  observed.  It  was  also  noted that  a  section  of  the  preform, Chapter 4                                                                             Chemical-in-Crucible Process  
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at  temperatures  of  up  to  several  hundred  degrees  Celsius  in  the  presence  of  air. 
Decomposition of the starting material undergoes multiple reactions, characterised by 
intermediate species approximating to the form YbOCl, but the final product is Yb2O3 
when the reaction is complete at a temperature of 585 °C. As Yb2O3 has a melting point 
of 2355 °C and a boiling point of over 4000 °C [16], it is unsuitable as a vapour source 
for  ytterbium.  Ashcroft  et  al.  [19]  and  Hong  et  al.  [20]  separately  examined  the 
dehydration scheme of lanthanide chloride (LnCl3) hydrates in atmospheres containing 
1% hydrogen chloride (HCl) gas as well as  nitrogen-only. Both articles reported an 
integer reduction in the number of bonded water molecules as the compound was heated 
up to 200 °C, characterised by the reaction LnCl3.nH2O ® LnCl3.mH2O + (n-m)H2O. 
The final product was anhydrous lanthanide chloride. 
 
The results in the literature indicate that as YbCl3.6H2O is gradually heated, it passes 
through notable stages where water molecules are removed from the starting material. 
The  final  product  is  YbCl3,  but  the  reduction  happens  in  combination  with  the 
production  of  other  oxychloride-based  compounds.  The  exact  form  of  these 
intermediate  species  appears  to  be  dependent  on  factors  such  as  the  surrounding 
atmosphere, the heating scheme, the rare-earth element, and even its initial purity [20, 
21]. It is not entirely clear whether the reported experiments were carried out in a dry 
atmosphere, however, the results suggest that hydrolysis is taking place simultaneously 
with the dehydration (i.e. the water evolving at discrete temperatures is reacting and 
converting the starting compound to oxychloride).  
 
The  dehydration  scheme  of  YbCl3.6H2O  has  been  experimentally  determined.  Two 
approaches  were  followed:  the  first  used  thermogravimetric  (TG)  equipment  to 
accurately monitor the mass change in a sample that was subjected to a heating cycle, 
whilst the second provided a visible indication of the process and involved heating a 
sample inside a glass tube placed on the preform-making lathe.   
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heptanedionato)). This organic chelate compound, which is abbreviated to Yb(TRIS) 
hereafter, has the chemical  formula C33H57O6Yb and can be readily purchased  from 
chemical suppliers that specialise in precursors for chemical vapour deposition (CVD) 
applications. It is available with a purity of up to 99.9 % (Strem Chemicals product) and 
its material properties include a melting point of 167 – 169 ºC and a boiling point of 
300 ºC [4]. Yb(TRIS) sublimes from its solid form, and has a vapour pressure of around 
1 kPa at a temperature of 200 ºC [4]. 
 
During the conventional MCVD process, the chloride-based precursors, SiCl4, GeCl4 
and POCl3 undergo a well documented oxidation reaction in the hot-zone of the burner 
which results in amorphous particles of SiO2, GeO2 and P2O5, respectively. In contrast, 
the high-temperature chemical reactions that take place with RE chelate compounds in 
the presence of oxygen are less well understood. The experimental work in preform 
fabrication using Yb(TRIS) has uncovered a number of practical and material-based 
considerations pertaining to its use. These findings have helped to better understand the 
deposition process with RE chelates and some of the important process variables are 
described below. The experimental setup refers to that shown in Figure 4.3. 
 
Firstly, the position of the crucible within the glassware was found to be crucial for the 
chelate vapour to be transported efficiently to the reaction-zone. When the separation 
between the crucible and the substrate tube was insufficient, the spatial ‘spread’ of the 
burner flame inadvertently heated the precursor at the start of each pass. However, if the 
distance between the crucible and substrate was excessive, then the vapour tended to 
condense  on  the  cool  glass  wall  before  reaching  the  reaction-zone.  A  separation  of 
between  175 mm and 200 mm  was  found  to  be  optimum,  and  was  adopted  for  the 
glassware set up in all preform runs to improve their repeatability.  
 
Before  the  core  deposition  pass  commenced,  the  crucible  was  heated  to  its  target 
temperature. During this period, of between 30 and 120 seconds, any chelate vapour 
evolving from the crucible had the tendency to condense on the cold inner surface of the 
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(>1000 mm.min
-1) along the length of the glassware using a burner temperature of 100 –
 300 ºC  was  an  effective  way  to  re-evaporate  the  dopant  and  prevent  any  further 
deposits on the glass surface. 
 
The flow rates of the dopant carrier gas (He) through the central glassware, and the 
oxygen (O2) in the outer tube, were set once the chelate vapour was visible, and were 
adjusting independently to achieve efficient transport of the vapour downstream and 
without any obvious turbulence. Suitable He and O2 gas flows were found to be around 
1200 ml.min
-1  and  1000 ml.min
-1,  respectively.  Failure  to  achieve  a  net  flow 
downstream resulted in the undesired ignition of the Yb(TRIS) vapour as the burner 
commenced its pass. Once the He and O2 gas flows were set appropriately, the required 
concentration of Yb was adjusted by means of the crucible temperature. 
 
Following the core layer deposition pass, many of preform fabrication runs exhibited a 
distinct section near the start of the substrate tube of white and dark coloured deposits 
that still remained in the final preform. The origin of this contamination is believed to 
be inhomogeneous carbon- and RE-rich particles from the premature decomposition of 
Yb(TRIS), and is reasoned as follows: 
 
When the core deposition pass commences, the carriage is stationary at the beginning of 
the substrate tube, and undergoes a dwell (of ~12 seconds) whilst the glass surface 
reaches its target temperature (typically in the region of 1950 – 2100 ºC). During this 
period, chelate vapour is already flowing downstream in a steady state together with 
SiCl4.  As  the  internal  gas  temperature  reaches  ~650 ºC,  the  Yb(TRIS)  compound 
decomposes  into  its  metallic  and  organic  constituents  [23],  but  the  temperature  is 
insufficient to oxidise the SiCl4 vapour. This results in carbon- and RE-rich deposits 
several centimetres downstream of the burner (there are also the combined reactions 
with SiCl4 vapour to consider, although the described effect was still apparent in trials 
where initiating the SiCl4 flow was delayed). Once the burner has reached its target 
temperature it then traverses downstream and passes over the contaminated region. The 
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temperature  was  increased,  whilst  a  transparent  liquid  was  seen  evolving  from  the 
chemical  when  it  was  heated on  the  lathe.  These  findings  were  consistent  with  the 
evaporation of water from the chemical and the non-soluble residue suggested that it 
had combined with the sample to form a non-volatile compound consistent with Yb2O3. 
It  was  concluded  that  YbCl3.6H2O  was  unsuitable  for  use  in  the  CIC  process  and 
anhydrous ytterbium chloride would be better suited as a RE precursor.  
 
The main part of the experimental work involved the use of the chemical compound 
Yb(TRIS).  The  fabrication  and  characterisation  of  two  Yb-doped  phosphosilicate 
preforms have been reported, which represent low and high RE concentrations. Optical 
measurements on the fibre drawn from these preforms revealed an Yb concentration of 
~8,000 ppm  and  ~20,000 ppm,  by  weight,  obtained  with  a  crucible  temperature  of 
200 °C and 250 °C, respectively. The achieved Yb concentrations are higher than those 
reported  by  Sekiya  et  al.  [9]  using  the  same  precursor,  although  their  work 
predominantly  focussed  on  optimising  the  radial  and  longitudinal  uniformity  of  the 
deposited layers and no attempts at higher concentrations were discussed. They report 
good radial uniformity of refractive index in a preform with 40-50 deposited layers and 
negligible longitudinal variation in the Yb concentration over a length of 340 mm. This 
compares to the preforms reported here which have a variation in the refractive index of 
up to 0.002 over the same length of preform. 
 
The  background  loss  in  the  fibres  depicted  an  uncharacteristic  lowest  loss  region 
(~29 dB.km
-1  at  l = 715 nm)  in  the  visible  wavelength  range,  which  increased 
significantly towards the near-infrared (~152 dB.km
-1 at l = 1550 nm). It was suggested 
that this loss trend was caused by the relatively low purity of the starting precursor 
(99.9 %). There is no mention of the loss in the recent reports by either Sekiya et al. or 
Petit et al. on the fibre fabricated using their gas-phase deposition using Yb(TRIS).  
 
Finally, a length of fibre with a high Yb-concentration of 15,700 ppm, by weight, was 
tested in a lasing configuration. The output of the fibre reached 16 W for a launched Chapter 5                                                                               Suspended-Core Holey Fibre 
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20], detailing both theoretical calculations and experimental data, including the seminal 
work by Fitt et al. [18]. Fitt et al. identify the parameters that influence the collapse of 
the  capillary  during  the  draw  and  define  a  collapse  ratio  that  relates  the  effects  of 
surface tension and viscosity of the glass. As the viscosity is strongly dependent on 
temperature, it is the furnace setting that principally governs the degree of collapse. 
Fitt et al. also showed that the hole collapse in the capillary is more sensitive to the tube 
feed speed than the draw speed as a direct consequence of the length of time the glass 
resides  in  the  furnace  hot-zone.  A  plain  circularly  symmetric  substrate tube  can  be 
successfully drawn into a capillary with the upper end open to atmosphere by adjusting 
only  the  capstan  speed  and  accepting  some  inevitable  collapse.  However,  an  over-
pressure  is  normally  applied  to the  upper  end of  the  tube  to  counteract the  surface 
tension effects, allowing the exact dimensions of the capillary to be fine-tuned. 
 
Once obtained, the hollow capillaries are cleaned to remove contamination and residual 
glass fragments, and are then sealed (i.e. flame fused) at one end. This eliminates the 
sharp edges, but more importantly, when closed at the upper end the capillaries are able 
to  expand  during  the  drawing  process  to  eliminate  unwanted  interstitial  gaps.  The 
prepared capillaries are then stacked in a hexagonal arrangement inside the jacket tube. 
(The hexagonal lattice structure is not exclusive, but represents the highest capillary fill-
factor). The outer diameter of the capillaries and jacket tube are typically around 0.5 –
2 mm and 20 mm, respectively, and are largely dictated by the required draw-down ratio 
and glass sizes that are easily handled [19]. 
 
Depending on the required feature size, the assembled preform is either drawn directly 
into fibre, or drawn into a capillary and then re-drawn inside another jacket tube to 
further scale down the structure. The drawing process for HF, however, is nontrivial. 
Once the fibre drawing process is initiated, an unstable period begins as the gas trapped 
inside the sealed capillaries heats up and expands. This is counteracted by gas exiting 
through the  lower (open) end of the glassware. The self-pressurising  and regulating 
effect is beneficial in preventing the holes from collapsing shut, but as the volume of 
glass decreases (i.e. the remaining length of preform reduces), the pressure inside the Chapter 5                                                                               Suspended-Core Holey Fibre 
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Tse et al. [32], who achieved an average splice loss of 1.3 dB between small-core HF 
(diameter = 1.3 mm) and commercial solid core fibre (Nufern-UHNA1, MFD = 4.8 mm), 
using  a  Furukawa  FITEL-S177  fusion  splicer.  However,  in  contrast  to  Xiao  et  al., 
Tse et al. reported that a large overlap distance (compression) between the fibres (of 
>15 mm) was beneficial during splicing and compensates for the concave end-face that 
is formed during fusion in high-air filling fraction HFs [27]. 
 
Although the cited articles provided a valuable insight into the splicing process, the 
equipment settings were not found to be directly transferable to SC-HF and the model 
of fusion splicer available for this work (i.e. Ericsson FSU-995PM). Program settings 
suitable for splicing SC-HF to small-core transmission fibre, as well as those needed to 
controllably  collapse  the  fibre  holes  for  realising  a  gas  cell,  were  experimentally 
determined for the Ericson FSU-995PM fusion splicer. The derived parameter values 
are shown in Table 5.3 along with the default settings. One point worth noting, and 
which appears to be overlooked in the literature, is the issue of fusion splicing fibre that 
contains a flammable gas species such as acetylene. It was found that a sustained arc 
from the fusion splicer, or an open fibre end positioned near the arc field, was indeed 
sufficient to ignite an acetylene-loaded fibre. This, however, was avoided when the arc 
power and duration were suitably low, such as in Program 1.  
 
An  acetylene-filled  gas  cell  was  successfully  created  using  a  1 m  length  of  SC-HF 
(F0793)  which  was  fusion  spliced  to  a  small-core,  high  NA,  transmission  fibre 
(Fibercore SM600, MFD = 4.3 mm) using Program 1 listed in Table 5.3. The SC-HF 
end-face was offset from the electrode axis, as previously described. The SM600 fibre 
was chosen to minimise the mode field mismatch between the two fibres. The PTFE 
chamber shown in Figure 5.9 was adapted to facilitate filling the fibre with acetylene 
(C2H2) gas. Infiltration of the gas into the voids of the SC-HF relied, as before, on 
diffusion and as such it was left for several hours to ensure the entire length was filled. 
The fibre was then removed from the loading cell and immediately collapsed on the 
splicer using Program 2. To avoid ignition of the gas loaded fibre during this process, Chapter 5                                                                               Suspended-Core Holey Fibre 
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The modal properties of SC-HF were studied using numerical simulations based on an 
outline  of  the  core  shape  taken  from  a  SEM  micrograph.  The  fraction  of  light 
propagating in the air-cladding of a fibre was assessed using different core sizes. In a 
fibre with a core diameter of 1.2 µm, the overlap with the air-cladding was predicted to 
be  11.5 %,  which  increased  to  almost  30 %  for  a  smaller  core  size  of  0.8 µm  (at 
l = 1550 nm). This result places the SC-HF above other index guiding fibres available 
at the time as having the highest predicted core mode overlap. 
 
The large structural air holes in SC-HF, and the high fraction of light that propagates 
within them, makes the fibre an ideal platform for sensing applications. This capability 
has been demonstrated using acetylene gas. The output from a high resolution tuneable 
laser source was used to successfully resolve the characteristic absorption lines between 
l = 1520 and 1545 nm in a fibre loaded with C2H2 gas. These initial experiments were 
then extended to realise an all-fibre SC-HF gas cell which showed good stability over a 
time  period  of  72  hours.  To  construct the  gas  cell  it  was  necessary  to  controllably 
collapse the holes in the SC-HF and splice it to conventional solid core fibre. A splicing 
loss of around 2 dB was achieved during this operation, which compares to Tse et al. 
who report a splice loss of 1.3 dB between small-core HF and commercial solid core 
fibre. More investigation is therefore needed to ascertain the exact loss incurred when 
splicing SC-HF and methods in which to reduce the loss.   
 
Finally,  a  novel  fabrication  method  for  a  small-core  Ge-doped  SC-HF  has  been 
demonstrated, which retains a large high-index central core following collapse of the air 
holes. The target application is again an all-fibre gas cell, where a chemical sample can 
be straightforwardly trapped in the holes of the fibre by intentionally collapsing the air-
cladding using a commercial  fusion splicer. This approach simplifies the process of 
constructing a gas cell and it is believed that the formed Ge-doped central region will 
facilitate low-loss splicing to transmission fibre. The fabrication route was successful, 
however, most of the fibre obtained was distorted and as such limited characterisation 
could be performed.  Chapter 6                                                                                                              Flat Fibre 
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the  same  refractive  index  as  that  of  the  under-cladding,  is  deposited  on  top  of  the 
exposed structure to form the buried waveguide circuit. 
 
The processes of photolithography and etching for fabricating integrated optical circuits 
is well established technology, and is capable of producing multiple devices on a single 
substrate wafer to an exacting specification. A drawback to the process, however, is that 
any alteration to the waveguiding layout requires creating a new photomask; a task that 
requires extensive cleanroom equipment and a considerable time investment. In the last 
decade, an alternative method of defining optical waveguide channels, without the need 
for  a  photomask,  has  emerged,  and  is  known  as  direct  UV-writing  [3].  Direct  UV-
writing uses a short-wavelength laser beam focussed on a photosensitive glass layer to 
induce a  localised refractive  index change. During  irradiation, the glass substrate  is 
translated relative to the laser beam and the predetermined waveguide pattern is traced 
out. Direct UV-writing is ideally suited for rapid prototyping of waveguide devices, and 
its  software-driven  apparatus  allows  any  design  changes  to  be  implemented  in  a 
straightforward manner. Furthermore, by substituting the single-spot laser used in the 
traditional  UV-writing  setup  for  two  overlapping  beams,  Bragg  gratings  can  be 
simultaneously written into the waveguiding channel in a single step [4]. Direct UV-
writing is an integral part of realising optical devices in flat fibre and is explained in 
more detail in subsection 6.2.2. 
 
Within a production environment, many aspects of the glass deposition and waveguide 
fabrication  processes  described  above  are  semi-automated  to  increase  the  yield  and 
reduce operating costs. However, neither flame hydrolysis nor photolithography can be 
classed as scalable in the same way as optical fibre manufacture. For example, in optical 
fibre drawing, glass can effectively be drawn indefinitely as the total obtainable length 
simply scales proportionately with the preform dimensions. Similarly, the volume of a 
preform produced using MCVD can be scaled up by using a larger substrate tube and 
depositing more glass layers. However, the number of planar devices produced in a 
single fabrication run is determined (and limited) by the size of the substrate wafer and 
the onset of optical loss in the waveguiding channels if the component density is too Chapter 6                                                                                                              Flat Fibre 
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high. These inherent fabrication differences between optical fibre and planar devices are 
not  generally  viewed  as  restrictive,  as  each  is  regarded  as  a  separate  technology 
designed to satisfy a particular demand i.e. long lengths of low-loss transmission media, 
or multifunctional optical waveguiding circuits. Nevertheless, an optical platform that 
possesses  both  of  these  qualities  has  the  potential  for  realising  unique  waveguiding 
devices. 
 
The aim of the work presented in this chapter was to explore ways in which to combine 
the  scalable  nature  and  advantages  of  the  fibre  drawing  process  with  the  inherent 
functionality of planar technology. Flat fibre is the result of that work [1], and exploits 
MCVD  and optical  fibre drawing equipment to generate extended  lengths of doped 
planar  material  into  which  waveguiding  channels  can  be  written  using  direct  UV-
writing (see Figure 6.2). The entire process is inherently scalable, including the use of 
UV-writing in which it is only the physical movement range of the translation stages 
within the setup that determine the length of the channels that can be written. Flat fibre 
fabrication is therefore well suited to a production or manufacturing environment as the 
process, including drawing and waveguide writing, can be run continuously in exactly 
the  same  way  as  conventional  fibre  drawing.  Unlike  a  FHD  process,  where  the 
deposition area is restricted by the size of the wafer, the size of the flat fibre (i.e. length) 
is  simply  increased  by  increasing  the  glass  volume  of  the  preform.  It  can  also  be 
envisaged  that  the  waveguide  writing  process  could  be  integrated  into  the  drawing 
tower and performed during the draw to mass produce multiple optical devices [5]. 
 
By using MCVD to deposit the core layers in flat fibre, the developed process has the 
capacity  for  creating  glass  layers  with  a  lower  loss  than  can  be  achievable  by 
conventional planar methods, as well as allowing for superior control over the layer 
uniformity  and  composition  for  both  passive  and  active  constituents.  Flat  fibre  also 
possesses  many of the  individual  merits of planar and optical  fibre technologies.  A 
simple comparison between these three formats is shown in Table 6.1. The categories 
have knowingly been chosen with a bias towards flat fibre, as well as some positive Chapter 6                                                                                                              Flat Fibre 
  168 
FHD [9].  FHD  involves  injecting  halide  precursor  vapours  directly  into  an  oxy-
hydrogen torch where they undergo a chemical reaction to produce fine silica particles 
that are directed towards a flat substrate (see Figure 6.3). The low-density soot that is 
deposited  is then  sintered  inside a  high temperature furnace to form a glassy  layer. 
Many discrete layers are built up in this way with repeated deposition and sintering 
cycles. The final composition of the glass is controlled by the dopant flow rates used 
during deposition. 
 
The substrate material on to which the glass layers in FHD are deposited is normally 
silicon, rather than silica, owing to its availability at a low-cost and with a high planarity 
as a result of the demands from the microelectronics industry. This format is known as 
silica-on-silicon (SiO2:Si). Before any actual glass deposition takes place, a thermal 
oxide is grown on the silicon wafer to improve its adhesive properties for the soot, and 
alleviate the effects of the difference in thermal expansion properties between silicon 
and silica. The surface of elemental silicon readily oxidises, and exposing the wafer to a 
high pressure oxygen-rich environment at a temperature of ~1000 °C for a period of 
several hours is sufficient to develop a thermal oxide a few microns thick [7]. 
 
The  fabrication  of  buried  waveguides,  such  as  those  illustrated  in  Figure  6.1, 
necessitates three (or more) distinct regions: an under-cladding, a core, and an over-
cladding. These regions are deposited, in turn, on top of the thermal oxide, with each 
layer  being  fully  sintered  before  depositing  the  next  one.  The  composition  of  the 
cladding and core is governed by the concentration of SiO2, GeO2, P2O5 and B2O3 in the 
glass.  Both  the  silica  under-  and  over-cladding  layers  are  doped  with  boron  and 
phosphorous,  and  a  similar  glass  refractive  index  to  that  of  undoped  silica  (i.e. 
n = 1.459)  is  targeted.  The  primary  reason  for  incorporating  P2O5  and  B2O3  is  to 
significantly reduce the melting point of the oxide particles and facilitate sintering of the 
soot at a lower temperature than would be possible with pure silica. The core region will 
include the addition of GeO2 to increase its refractive index relative to the cladding 
layers, and the final thickness of the glass layer will be around 5 – 7 mm depending on Chapter 6                                                                                                              Flat Fibre 
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the application. The concentration of germanium in the core layer will depend on the 
application,  but  the  refractive  index  increase  will  be  in  the  region  of  0.5 %D (D is 
defined as (ncore - nclad)/ncore for weakly-guided waveguides). 
 
The dopant vapours that are delivered to the torch originate from a source material in 
the same manner as described in Chapter 2 for the precursors used in MCVD. These 
vapours can derive from a solid, liquid, or gas source, and be either organic or inorganic 
in nature. The chemicals used in the FHD system within the ORC are: SiCl4, GeCl4, 
PCl3 and BCl3. The latter compound is gaseous at room temperature whilst the former 
chemicals are bubbled from a liquid source. Within the flame of the torch the dopant 
vapours undergo complex chemical reactions with direct oxidation occurring at high 
temperatures,  and  hydrolysis  being  the  dominant  reaction  below  ~1200 °C  [7].  The 
balanced chemical reactions in the case of silicon tetrachloride are written below [7]. 
 
SiCl4 + O2 ® SiO2 + 2Cl2                                                                     (6.1)  
 
SiCl4 + 2H2O ® SiO2 + 4HCl                                        (6.2) 
 
In addition to the concentration of dopant vapour used during deposition, a number of 
physical factors will affect the morphology of the deposited soot (and resultant glass), 
such as the torch design and placement, as well as the fuel and carrier gas flow rates 
[10]. The sintering conditions will also affect the layer characteristics. For example, a 
furnace temperature that is too high will cause dopants to evaporate from the surface, 
whilst an incorrect ramp rate may result in the formation of defects. Understanding the 
effects of the various process parameters is paramount for producing high-quality planar 
layers  using  FHD.  With  optimised  conditions,  the  refractive  index  and  thickness 
variation is ~1 % and the typical waveguide loss in a germanium-doped SiO2:Si layer is 
around 0.02 dB.cm
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dependent  on  the  quality  of  the  polished  facets  and  the  coupling  efficiency  to  the 
waveguide.  Therefore,  a  total  throughput  (i.e.  SMF-waveguide-SMF)  loss  value  is 
quoted,  which  is  deemed  acceptable  given  that  the  optical  device  will  normally  be 
connectorised with optical fibres.  
 
Flat fibre can be cleaved easily by hand using a ceramic knife, and, as the core layer is 
in the centre of the glass, the UV-written waveguide remains unaffected. Using this 
method,  a  true  loss  measurement  of  the  waveguide  can  be  made  by  systematically 
cutting-back the sample to ascertain the transmitted power per unit length. This method 
was  applied  to  a  50 mm  long  flat  fibre  sample  (F0764)  with  a  single  UV-written 
channel. A SMF from the ASE laser source was pigtailed to the waveguide by Dr James 
Gates in order to provide a fixed launch position, and the power output from the flat 
fibre  was  recorded  using  both  free-space  optics  as  well  as  a  butt-coupled  fibre 
measurement.  For  the  free-space  measurement,  the  waveguide  was  firstly  imaged 
through an objective lens and an adjustable iris onto an IR viewer. The lens position 
was then adjusted whilst viewing the waveguide on the monitor until focussed, and the 
aperture of the iris was then reduced to restrict the collected light to only that of the 
waveguide. Once positioned, the objective lens and camera position remained fixed and 
a flip-back mirror redirected the light exiting the flat fibre sample onto a large-area 
power meter. The intensity value was then recorded with both the free-space and fibre-
coupled arrangement, and repeated after progressively cutting back the glass sample. 
The results  are shown  in  Figure 6.8 and a  linear regression  has  been applied using 
software.  
 
The calculated waveguide loss from the free-space and fibre-coupled measurements of 
the flat fibre sample are 0.3 dB.cm
-1 and 0.4 dB.cm
-1, respectively. Both of these values 
are  higher  than  the  propagation  loss  reported  in  the  literature  of  0.2 dB.cm
-1  (at 
l = 1.54 mm) for a Ge:Si UV-written Si:SiO2 sample [15]. The higher loss measured in 
the flat fibre is believed to be a result of non-optimised conditions used for the UV-Chapter 6                                                                                                              Flat Fibre 
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available  in  MCVD  systems  with  a  BBr3  precursor.  Furthermore,  boron  co-doping 
enhances the photosensitivity of silica glass, and it has been reported that in a fibre 
containing  ~16 mol%  of  GeO2  the  UV-induced  index  modulation  is  increased  by 
7 ´ 10
-4 [20].  
 
Flat  fibres  have  been  fabricated  (T0384)  from  a  boron  co-doped  germanosilicate 
preform  (G30168)  produced  using  conventional  MCVD  equipment.  The  preform 
contained three layers that were deposited using SiCl4, GeCl4, and BBr3 precursor flow 
rates  of  100 ml.min
-1,  200 ml.min
-1,  and,  100 ml.min
-1,  respectively.  The  burner 
temperature was 1800 °C and the carriage traverse speed was 150 mm.min
-1. The RIP of 
a flat fibre sample drawn from the preform was measured using an S14 Profiler (Photon 
Kinetics, US). The index rise in the core was 0.003, which compares to an anticipated 
index rise in the absence of boron of 0.008. Using the molar refractivity for GeO2 and 
B2O3  quoted  above,  the  calculated  oxide  additions  to  flat  fibre  sample  T0384  are 
5.4 mol%, and 13.3 mol%, respectively. Optical waveguides have been UV-written in 
these flat fibre samples and have shown an enhanced index modulation compared to 
those without boron co-doping. Work is ongoing to quantify these preliminary findings. 
 
A consequence of doping silica with high concentrations of either GeO2 or B2O3 is an 
increase in the thermal expansion coefficient of the glass. In flat fibre, the equivalent 
over- and under-cladding regions are formed by the silica substrate tube, and as such 
some  mismatch  with  the  core  is  inevitable.  The  difference  between  the  thermal 
expansion coefficients of the deposited core and the cladding tube is a function of the 
dopant  concentration  in  the  core,  and  can  be  equated  to  a  weight  factor  of  the 
incorporated constituent [21]. The contributions from GeO2 and B2O3 can be expressed 
in  the  units  of   °C.mol
-1,  and  are  reported  as  0.71 ´ 10
-7 °C.mol
-1  and 
1.8 ´ 10
-7 °C.mol
-1,  respectively  [22].  Using  these  values,  the  thermal  expansion 
mismatch introduced into preform G30168 as a result of the contributions from GeO2 
and B2O3 was calculated as ~3 ´ 10
-6 °C
-1. Flat fibre was successfully drawn from this 
preform  (i.e.  T0384)  immediately  after  fabrication,  however,  the  following  day  the Chapter 6                                                                                                              Flat Fibre 
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The effect of furnace temperature and applied vacuum on the collapse of the tube has 
also been investigated. In conventional preform fabrication, the surface tension effects 
in the glass at high temperatures act to collapse the tube  in a symmetrical  manner. 
Creation of the planar geometry required for flat fibre, however, requires a negative 
differential  pressure  between  the  inside  of  the  glass  tube  and  its  exterior.  At  high 
furnace temperatures, it was found that even a modest differential pressure of a few 
millibar (mbar) was sufficient to initiate planar collapse of the tube. The extent of the 
collapse was influenced by the magnitude of the applied vacuum, as well as the furnace 
temperature. It was important to understand the relative impact of these changes and 
establish whether the geometric calculations presented previously are valid. 
 
Two independent drawing trials were performed on CFQ-quality (Heraeus, Germany) 
silica  tubes  to  examine  the  effect  of  furnace  temperature  and  applied  vacuum  (the 
nominal diameter was 20 ´ 16 mm, although there was a slight variation in diameters 
which is apparent in the results). In the first trial, a differential pressure of -10 mbar, 
(relative to atmospheric) was maintained inside the tube whilst the furnace temperature 
was varied from 2020 °C to 2140 °C. In the second trial, the furnace temperature was 
kept constant at 2020 °C whilst the applied  vacuum was  varied  from 0 to -40 mbar 
(relative  to  atmospheric).  Glass  samples  were  examined  after  making  incremental 
changes, and the average wall thickness was measured using an optical microscope. The 
results are shown in Figure 6.14 and Figure 6.15.  
 
The results indicate that an increase in either the furnace temperature or the applied 
vacuum is sufficient to deform the circular tube, and is accompanied by an increase in 
the wall thickness of the glass. For the sizes of tubes tested, either an increase in furnace 
temperature of 140 °C, or a reduction of the internal pressure by 40 mbar was sufficient 
to produce flat fibre. The resultant increase in wall thickness, however, was different in 
each  case.  Increasing  the  vacuum  in  order  to  collapse  the  fibre  increased  the  wall 
thickness by 45 %, compared to 23 % for an increase in the furnace temperature. These Chapter 6                                                                                                              Flat Fibre 
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the  optical  waveguide  incorporates  multiple  nodes  that  are  sensitive  to  a  localised 
change in the environment. These changes are detected by either an alteration to the 
properties of the waveguide (normally via a Bragg grating), or through direct interaction 
with the evanescent-field. Evanescent-field sensing, which was introduced in Chapter 2, 
involves  partially  exposing  the  propagating  wave  so  that  it  can  interact  with  its 
surroundings.  To  realise  a  flat  fibre  sensor,  this  approach  requires  the  silica  over-
cladding to be removed at regular  intervals to provide detection  ‘windows’ through 
which the evanescent-field can be accessed. Although full device realisation was not 
within the aims of this thesis, the preliminary work towards a flat fibre sensor has begun 
and the progress so far is summarised below. 
 
Chemical etching and RIE techniques have both been explored to selectively remove the 
over-cladding from flat fibre samples, with varying degrees of success. The associated 
problems were: efficiently masking off the area of glass to be etched, and etching the 
over-cladding to the correct depth with sufficient accuracy. Chemical etching of a flat 
fibre sample was explored using hydrofluoric (HF) acid. Owing to the aggressive nature 
of HF, very few materials were found that were entirely resistant to its effects, and 
screening a specific area for etching proved difficult. Wax was found to be the most 
promising material and also adhered well to the glass surface. A flat fibre sample was 
partially coated in wax and SMFs were connected to each end of sample to enable the 
etching progress to be monitored by measuring the light throughput. The attempts to 
chemically etch the sample were mainly unsuccessful, and issues relating to the surface 
tension of the liquid, which prevented ‘wetting’ of the sample, and evaporation of the 
acid were experienced. 
 
Preliminary trials were conducted using RIE to selectively remove regions of the over-
cladding in flat fibre samples. Glass samples, of ~75 mm in length, were masked by 
hand using Kapton tape to leave multiple exposed windows, each with a size of around 
500 ´ 100 mm. The depth of the core in these particular samples was ~25 mm from the 
surface. The RIE equipment was operated by Mr. Neil Sessions, and several etching Chapter 6                                                                                                              Flat Fibre 
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runs were performed on flat fibres using various time durations. Unlike the experiments 
with HF acid, where the etching progress was monitored continuously, RIE relied on 
establishing an etching rate. After processing, the size and depth of the etched windows 
was measured using a P16 Surface Profiler (Omniscan, UK). Depths of between 12 mm 
and 29 mm were achieved and the calculated etch rate was 0.1 mm.min
-1. From these 
early  studies,  it  is  believed  that  RIE  is  capable  of  achieving  the  micron  accuracy 
required to selectively etch the over-cladding in flat fibres to a specific depth.  
 
As RIE is not practical for removing glass that is several tens of microns thick, the over-
cladding of the flat fibre needs to be minimised. This can be achieved by depositing a 
thicker core layer, which subsequently requires a higher scaling-down factor, or using a 
thinner-walled substrate tube initially. Reducing the over-cladding thickness in the final 
fibre is also possible, and the Planar Optical Materials group have pursued this approach 
using mechanical polishing. A flat-fibre sample was side-polished on one edge to gain 
access to the evanescent-field of a UV-written waveguide. The initial results show that a 
wavelength shift  in the peak reflection of  a Bragg grating was detectable when the 
sample  was  exposed  to  a refractive  index  liquid  of  n = 1.3  compared  to that of  air 
(n = 1) [24].  
 
Bragg gratings are inherently sensitive to changes in strain and temperature and can thus 
be used for sensing applications. A change in the period of the grating can be detected, 
either through the flexing of the waveguiding medium or a difference in its expansion as 
a result of a temperature change. These types of sensors have important applications in 
monitoring  the  structural  health  of  buildings  and  equipment.  The  first  results  of  a 
bending and twisting sensor using the flat fibre platform have been demonstrated by the 
Planar  Optical  Materials  group  [6].  The  findings  reveal  a  proportional  relationship 
between the mechanical flexing of the sample and the measured wavelength shift of the 
Bragg grating. These preliminary results, and those reported above, demonstrate the 
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The potential of the in-situ solution doping technique for producing multiple RE-doped 
layers was demonstrated with a large-core fibre suitable for large-mode area (LMA) 
applications. The fibre comprised of ten Yb-doped layers which was, at the time of 
fabrication, limited only by a gradual collapse in the substrate tube during the high-
temperature sintering passes. However, with control over the internal tube pressure, as 
is now possible on the current MCVD system, it is expected that tens of RE-doped 
layers can be achieved. Theoretical calculations predict that a in-situ solution doped 
preform core diameter of around 5 mm is entirely possible in a reasonable timescale. 
Any further scaling of the diameter is likely to be limited only by practical issues, such 
as time constraints, or the diminishing return of depositing multiple layers (i.e. each 
layer that is deposited contributes less to the overall core diameter than the previous 
layer). 
 
The geometrical model was implemented when fabricating selectively-doped pedestal 
RIP  preforms.  These  consisted  of  an  Yb-doped  core  and  an  aluminosilicate  (Al:Si) 
inner-cladding,  which  was  favoured  over  germanosilicate  (Ge:Si)  or  phosphosilicate 
(P:Si), and produced a glass preform which was tolerant to post-processing. This unique 
approach was exploited for fibre structures that featured a non-circular inner-cladding. 
More investigation is needed to assess whether removing the circular symmetry of the 
inner-cladding can enhance the pump absorption efficiency, although it is expected to 
be important in fibres with a larger inner-cladding diameter. Future work relating to 
pedestal RIP fibres will be based on a P:Si host glass for the Yb-doped core in order to 
mitigate possible photodarkening effects at high powers. Soot layers that are P-doped 
are more sensitive to the burner temperature than pure silica, and further optimisation 
will be required, but the lower sintering temperature of the soot will allow an increased 
number of layers to be deposited without significant tube collapse. Chapter 7                           Conclusions and Future Work                                                   
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splitting waveguide channels as well as Bragg gratings have all been demonstrated in 
flat fibre samples that have a highly-doped Ge:Si core.  
 
The fabrication issues and considerations pertaining to the photosensitivity of the core 
layer were discussed, as well the physical dimensions of flat fibre that can be currently 
drawn. In particular, those areas relating to the composition of the core glass will be 
investigated  as  part  of  future  work.  These  include:  enhancing  the  photosensitivity 
through optimisation of B- and Ge-doping, increasing the aspect ratio of the flat fibre to 
enlarge the usable area for UV-writing, and refractive index matching of the deposited 
layer to that of the undoped silica cladding to improve compatibility with conventional 
optical fibre. 
 
The potential of flat fibre for sensing applications was discussed, and the progress in 
realising an evanescent-field sensor was summarised. The concept of a long flexible flat 
fibre sensor with detection ‘windows’ distributed along the length and integrated optical 
waveguides circuits was envisaged, although this has not yet been realised. Preliminary 
trials to introduce detection windows in flat fibre samples have been conducted using 
reactive ion etching (RIE). This method appears to be a suitable way to remove a few 
tens of  microns of silica glass over-cladding with an accurate control over the etch 
depth. This route will be followed in future work, as well as methods to reduce the over-
cladding thickness of the  flat  fibre samples. It will also  be  necessary to reduce the 
waveguiding loss to allow long lengths of flat fibre samples to be used. This will be 
addressed primarily through optimisation of the UV-writing parameters. 
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Preform 
number 
Target 
preform 
profile 
Number 
of core 
layers 
Core dopant 
solution  
Number 
of inner-
cladding 
layers 
Inner-cladding 
dopant solution 
Fibre 
number 
L30102  Graded 
index 
4   2g Al/1g Yb  
3g Al/1g Yb  
4g Al/1g Yb  
5g Al/1g Yb  
-  -  T0150 
L30108  Process test  1 
(P:Si) 
6g Al/4g Yb  -  -  T0174 
L30133  Large core  3   1g Al/1g Yb   -  -  T0193 
L30135  Pedestal  1   10g Al/3.6g Yb   1   10g Al  - 
L30152  Large core  10   2.5g Al/2.5g Yb 
(1000 ml) 
-  -  - 
L30153  Large core  3   2.5g AlCl3 
2.5g YbCl3  
(1000 ml) 
-  -  - 
L30154  Large core  10   2.5g Al/2.5g Yb 
(1000 ml) 
-  -  T0215 
L30163  Pedestal  1   12g Al/4g Yb   5  12g Al   T0240  
T0244  
T0251 
L30169 
(failed) 
Pedestal  1   16g Al/4g Yb  5  16g Al   No 
preform 
L30171 
(failed) 
Process test  1  16g Al/4g Yb  5  16g Al  
 
No 
preform 
L30172  Process test  1  10g Al/2g Yb  -  -  T0257 
L30182  Pedestal  1   12g Al/4g Yb   2  15g Al   - 
L30183  Pedestal  1  12g Al/4g Yb   5  15g Al   - 
L30184  Pedestal  1  12g Al/4g Yb   14   15g Al  T0283  
T0285 
L30186  Soot temp 
comparison 
1  12g Al/4g Yb  -  -  T0296 
L30187  Soot temp 
comparison 
1  12g Al/4g Yb  -  -  T0297 
L30190  Bismuth 
oxide 
1  0.8g Bi2O3  
(200 ml H2O) 
-  -  T0298 
L30196  Vertical 
comparison 
1  12g Al/4g Yb   -  -  T0308 
L30200  Multiple 
soots and 
soakings 
10  12g Al/4g Yb   -  -  T0313 
L30202  Multiple 
soots and 
soakings 
5  12g Al/4g Yb   -  -  T0314 Appendix B                                       Fabrication Summary 
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Preform 
number 
Fibre 
number 
Crucible 
temperature (°C) 
and type 
Dopant 
precursor 
Reagents 
flow (sccm) 
Remarks 
L30110  T0168  332  (A)  Er:Yb(TRIS)  P:Si 
(100:25) 
Vapour ignited. 
White core 
L30114  T0171  230  (A)  AlCl3  Si 
(100) 
Partially white core 
L30156  T0216  235 (B)  Yb(TRIS)  P:Si 
(200:50) 
White core 
L30157  T0220  400 (A)  BiCl3  P:Si 
(200:100) 
- 
L30159  T0221  20% (B)  Yb(TRIS)  P:Si 
(600:300) 
Blue colouring in 
core 
L30168  T0246  230 (D) 
w/o fb 
Yb(TRIS)  P:Si 
(500:200) 
- 
 
L30193  T0299 
T0300 
T0383 
200 (D)  Yb(TRIS)  P:Si 
(450:150) 
- 
L30194  T0302 
T0303 
T0327 
250 (D)  Yb(TRIS)  P:Si 
(450:150) 
- 
L30258  A0003 
A0067 
170 (D)  AlCl3  Si 
(200) 
- 
L30259  A0004  140 (D)  AlCl3  Si 
(200) 
- 
L30260  -  190 (D)  AlCl3  Si 
(200) 
- 
  (Fibres were drawn with the assistance of Mr. Robert Standish) 
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Capillary  
number 
Substrate                                        
glass 
Drilling 
parameters 
Notes 
Draw-of-G3005  Temp 12m tower  Investigation of drawing 
parameters 
Furnace = 2020 °C 
G30007  Temp Lathe 3  Ge-doped tube preparation  3 core layers 
Ge:Si = 2:1 
G3009  Temp Lathe 3  Collapsing tube on lathe  Various 
Draw-of-G3007  Temp 12m tower  Draw of flat fibre for UV-writing  Applied vacuum 
-10 mbar 
Feed = 8.4 mm.min
-1 
G30010  Temp Lathe 3  Ge-doped tube preparation (thin 
wall) 
2 core layers 
Ge:Si = 2:1 
Draw-of-G3010  Temp 12m tower  Samples for UV-writing trials  Applied vacuum 
0 to -20 mbar  
Furnace = 2040 °C 
G30012  Temp Lathe 3  P-doped tube preparation  6 core layers 
P:Si = 2:1 
Draw-of- G30012  Temp 12m tower  Investigation of drawing 
parameters 
Applied vacuum 
0 to -20 mbar  
Furnace = 2045 °C 
G30021  Temp Lathe 3  Ge-doped rube preparation  3 core layers 
Ge:Si = 2:1 
Pre-core collapse 
T0059-G30021  Temp 12m tower  Draw of flat fibre for UV-writing 
and cut-back measurement 
Applied vacuum 
-30 mbar  
Furnace = 2060 °C 
G30024  Temp Lathe 3  Investigation of thick P-doped 
core 
10 core layers 
P:Si = 2:1 
Pre-core collapse 
T0065-G30024  Temp 12m tower  Draw of thick P-doped tube  Applied vacuum 
-35 mbar  
Furnace = 2060 °C 
G30168  Temp Lathe 3  Boron co-doped trials  3 core layers 
B:Ge:Si = 1:2:1 
L30093  Temp Lathe 3  Trial of collapsing on lathe  2 core layers 
Ge:Si = 2:1 
T0129-L30093  Temp 12m tower  Draw of drilled preform  Furnace = 2070 °C 
T0268  Temp 12m tower  Draw of milled preform  Furnace = 2000 °C 
T0384  Temp 12m tower  Draw of boron co-doped tube  Applied vacuum 
-25 mbar 
Furnace = 2030 °C 
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Although the author’s PhD studies continued after the Mountbatten fire, the event had a 
significant  impact  on  the  research  activities.  For  example,  not  all  of  the  equipment 
previously used was accessible until very recently and as such the research directions 
and topics  followed were  largely dictated by the available resources, which  may  be 
reflected in the thesis. The key issues that were encountered are summarised below. 
 
1)  All preform and fibre samples fabricated by the author prior to October 2005 
were lost in the fire. Consequently characterisation of some samples, particularly 
those fibres pertaining to Chapter 5, remains incomplete.  
 
2)   The temporary office and  laboratory  space  in  building 47 was  a  major asset 
following the fire, however, in reality it took longer than expected to re-order all 
the necessary measurement equipment and as such research progress was slow. 
 
3)  The temporary off-site  facilities presented a technical  challenge  in  having to 
learn  the  operation  of  new  equipment,  as  well  as  re-establishing  fabrication 
processes. In particular, the replacement MCVD system required considerable 
optimisation and the drawing tower available for use was significant larger, in 
height, than the 5 m tower used previously at the ORC. 
 
4)  Technical challenges were also encountered once the new fabrication equipment 
was installed into the Mountbatten building. These systems were manufactured 
by SG Controls (Cambridge, UK), rather than  Heathway (NJ, USA) as used 
previously,  and  as  such  time  was  needed  to  gain  familiarisation  with  the 
equipment and the control interface. 
 
 
 
 
 